The Babar collaboration has recently observed a state decaying to D + s π 0 and suggest that one possible explanation is that it is the Ds(1 3 P0) state. In this note we compare the properties of the D * sJ (2317)
Over the last decade there has been considerable progress in our understanding of mesons, strongly interacting bound states of quarks and antiquarks. Mesons made of one heavy and one light quark have played an important role [1] . However the theoretical predictions have not been sufficiently tested by experimental data to say that we truly understand the strong interaction. This situation has recently been highlighted by the discovery of a state with mass 2.32 GeV decaying to D + might be the J P = 0 + member of the ground state L = 1 cs multiplet or possibly something altogether different; a four-quark state. In this letter we confront the D s (1 3 P 0 ) interpretation with the theoretical expectations for this state, and propose experimental tests to confirm or rule out this designation.
Mass predictions are an important test of QCD motivated potential models as well as other calculational approaches for hadron spectroscopy [3, 4, 5, 6, 7, 8, 9, 10] . In QCD-motivated potential models the spin-dependent splittings test the Lorentz nature of the confining poten- * Email address: godfrey@physics.carleton.ca [3, 4, 5, 6, 7, 8, 9] . Furthermore, the observation of heavy-light mesons is an important validation of heavy quark effective theory [11, 12] and lattice QCD calculations [10] . In Table I we summarize predictions for the P-wave cs states. Most, but not all, models predict the mass of the 1 3 P 0 (cs) to be substantially higher than the mass reported by Babar [2] . Although it is possible that these models need revision it seems unlikely that they would disagree with experiment to such a large degree given their general success in describing the meson spectrum. A more serious problem is the large discrepancy with the predictions of lattice QCD which gives M ( 3 P 0 (cs)) = 2499(13)(5) MeV [10] . If the D * sJ (2317) + is identified as the 3 P 0 (cs) state it would pose a serious challenge for the lattice calculation.
While masses are one test of models of hadrons, transitions probe the internal structure of the state. Comparison between theory and experiment of the branch-ing ratios is an important test of any assignment for a state. The Babar collaboration observed the D * sJ (2317) + in the D s π 0 final state and report no observation of its decay via radiative transitions. A 1 3 P 0 (cs) would be expected to decay dominantly to DK with a large S-wave width [4] . However, the D * sJ (2317) + 's mass is below the kinematic threshold for this decay to proceed. The only strong decay kinematically allowed is D sJ → D s π 0 . This decay violates isospin and is expected to have quite a small partial width. Thus, for a 1 3 P 0 (cs) state, the radiative transition D * s0 → D * s γ would be expected to have a prominant branching ratio.
The E1 radiative transitions
(1) where e Q is an effective quark charge given by [14] 
e c = 2/3 and es = 1/3 are the charges of the c-quark and s-antiquark given in units of |e|, m c = 1.628 GeV, m s = 0.419 GeV are the mass of the c and s quarks taken from Ref. [3] , α = 1/137.036 is the fine-structure constant, and ω is the photon's energy. The matrix element 3 S 1 |r| 3 P 0 = 2.168 GeV −1 was evaluated using the wavefunctions of Ref. [3] . Relativistic corrections are included in the E1 transition via Siegert's theorem [15, 16, 17] by including spin dependent interactions in the Hamiltonian used to calculate the meson masses and wavefunctions. The resulting width is:
For comparison Goity and Roberts find [18] Γ( 3 P 0 (cs) → D * s + γ) = 6.7 keV, where we have taken their κ = 0.45 result and rescaled their width to correct for phase space.
The transition D * s0 → D s π 0 is expected to be quite small as it violates isospin. Athough there are a number or theoretical predictions for hadronic transitions between quarkonium levels [19, 20, 21, 22, 23] we know of none for the transition D * s0 → D s π 0 . To estimate this partial width we turn to known transitions and use existing theoretical calculations for guidance. This approach should at least help us gauge the relative importance of this partial width. The only measured transition is ψ(2S) → J/ψ(1S)+π 0 with B = 9.7×10 −4 [13] implying Γ(ψ ′ → J/ψπ 0 ) = 0.27 keV. A limit exists on the tran- [13] . The BR for the transition D * s → D s +π 0 is 5.8 ± 2.5% but the total width is not known. We can estimate the width by using the measured branching ratio 0 is an S → S transition with the final states in a relative P -wave while the D * s0 → D s π 0 transition is P → S transition with the final states in a relative S-wave so there are wavefunction effects we have totally ignored in addition to a generally cavalier attitude to kinematic factors. All we have attempted to do is establish the order of magnitude.
A more relevant starting point is the transition h c ( 1 P 1 ) → J/ψπ 0 which is a P → S spin-flip transition which proceeds via the E1 − M 1 interference term in a multipole expansion of the gluonic fields, similar to the 3 P 0 → 1 S 0 transition we are attempting to estimate. Ko The first is that the matrix elements are proportional to S|r|P . Using the wavefunctions of Ref. [3] we find 1 3 P 0 |r|1 1 S 0 cs / 1 3 S 1 |r|1 1 P 1 cc = 1.1. The second uncertainty is that the matrix elements are O(α s ) so that the ratio of the widths go like (α s (cs))/α s (cc)) 2 which, given that the relevant energy scale is the light quark mass, could contribute an additional factor of 4 in the width. Given these uncertainties we estimate that Γ(D * s0 (2.32) → D s π 0 ) ≃ 1−10 keV. The resulting partial widths and branching ratios are summarized in Table II. For comparison we also include in Table II the partial widths and branching ratios expected for a 1 3 P 0 (cs) state with mass 2.466 MeV. The dominant decay in this case is D * s0 → DK with a large partial width. Although there is considerable uncertainty in the estimate of this width [4, 24] we do expect 1 3 P 0 (cs) state with this mass to be rather broad with a small branching ratio for the radiative transition. The decay is S-wave so the width scales linearly with the decay products momentum.
For completeness we also include in Table II other E1 transitions involving the cs P-wave states. One subtlety needs to be pointed out. The J = 1 states are linear combinations of 3 P 1 and 1 P 1 because for unequal mass quarks, C is no longer a good quantum number. Thus,
we use θ = −38 o and the conventions of Ref. [4] in a From Ref. [2] . b Obtained using the wavefunctions generated from Ref. [3] c Masses taken from Ref. [3] with the following modification. The mass splittings predicted by Ref. [3] agree with the measured splittings but the overall masses are slightly high. To improve the phase space estimates we shift the predictions downward by 18 MeV to give better agreement with the measured masses. The masses in Ref. [3] were rounded to 10 MeV. Here we round them to 1 MeV.
d Obtained by rescaling the result of Ref. [4] by phase space. e Based on the PDG total width for the D sJ (2573) ± [13] f The PDG gives Γ < 2.3 MeV 90% C.L.. We used the width given by Ref. [4] and rescaled for phase space.
calculating the widths in Table II which include factors of cos 2 θ and sin 2 θ as appropriate. We expect the D s1 (2536)
± to have a relatively large branching ratio for its radiative transition to D * ± s γ so that it may be possible to observe the D s1 (2536) ± in this mode but not its broad partner.
If the radiative transition is not observed with a BR consistent with that of the 3 P 0 state what are the alternatives? One possibility suggested by the Babar collaboration is that the D * sJ (2317)
+ is some sort of multiquark state, either a DK molecule or a cqqs multiquark object. This seems to be a likely possibility which has much in common with the description of the f 0 (980) and a 0 (980) as multiquark states: The D * sJ (2317) + lies just below the DK threshold while the f 0 (980)/a 0 (980) lie just below the KK threshold and both couple strongly to these nearby channels. This explanation has been promoted by Barnes, Close and Lipkin [25] which has been supported by a recent dynamical calculation by van Beveren and Rupp [26] .
The discovery of the D * sJ (2317) + has presented an interesting puzzle to meson spectroscopists. The Babar collaboration believes that it might be the 3 P 0 member of the L = 1(cs) multiplet. However its mass is significantly lower than that expected by most models and also lattice QCD and would pose a serious challenge to these calcula- + from different perspectives were posted on the Los Alamos arXives [27, 28, 29, 30] . We note in particular that the predictions given by Bardeen, Eichten, and Hill [29] for the partial widths of a D s0 state agree well with the estimates we present in this paper.
